We tested the hypothesis that a slight modification in fabrication from the Driver to the Integrity stent (Medtronic) results in nearly equivalent distributions of wall shear stress (WSS) and mean exposure time (MET), reflective of flow stagnation, and that these differences are considerably less than the Multi-Link Vision (Abbott Vascular) or BX Velocity (Cordis) bare metal stents when evaluated by computational fluid dynamics (CFD). Arteries were modeled as idealized straight rigid vessels without lesions. Two vessel diameters (2.25 and 3.0 mm) were studied for each stent and 2.75 mm diameter Integrity stents were also modeled to quantify the impact from best-and worst-case orientations of the stent struts relative to the primary blood flow direction. All stents were 18 mm in length and over-deployed by 10%. The results indicated that, regardless of diameter, the BX Velocity stents had the greatest percentage of the vessel exposed to adverse WSS followed by the Vision, Integrity, and Driver stents. In general, when strut thickness and stent:lumen ratio are similar, the orientation of struts is a determining factor for deleterious flow patterns. For a given stent, the number of struts was a larger determinant of adverse WSS and MET than strut orientation, suggesting that favorable blood flow patterns can be achieved by limiting struts to those providing adequate scaffolding. In conclusion, the Driver and Integrity stents both limit their number of linkages to those which provide adequate scaffolding while also maintaining similar strut thickness and stent:lumen ratios. The Integrity stent also imparts a slight helical velocity component. The modest difference in the fabrication approach between the Driver and Integrity stents is, therefore, not hemodynamically substantial in this idealized analysis, particularly relative to potentially adverse flow conditions introduced by the other stents modeled. This data was used in conjunction with associated regulatory filings and submitted to the FDA as part of the documents facilitating the recent approval for sale of the Resolute Integrity stent in the United States.
Introduction
Previous computational and experimental studies have shown an association between alterations in local blood flow patterns established after coronary stenting and sites of increased neointimal hyperplasia (NH), which is the primary component of restenosis [1, 2] . Additionally, stagnation zones have been shown to correlate with regions at higher risk of stent thrombosis [3] . Clinical studies have demonstrated that restenosis rates and other important endpoints are dependent upon the geometric properties of the implanted coronary stent, including such details as stent strut thickness [4] [5] [6] . Collectively, these prior findings indicate that the local blood flow environment created by the implantation of a coronary stent can uniquely influence the local neointimal response, thrombotic potential, and clinical sequelae.
Medtronic created the Integrity coronary stent through a modification to their predicate device, the Driver stent. The Driver stent is created from single rings of cobalt alloy. Each ring is formed into a sinusoidal segment. The individual segments are then laser fused at specific crowns to produce the overall geometric pattern (see Fig. 1 ). The Integrity stent is formed from a single wire of the same cobalt alloy as the Driver stent. In creating the Integrity stent, the cobalt alloy wire is formed into a repeating sinusoidal pattern of crowns and struts which are then wound around a mandrel. Understanding the clinical issues surrounding changes in stent geometries, Medtronic minimized changes to any factor that had the potential to impact the stent geometry. The radial strength, strut size and shape, and stent metal remained unchanged between devices.
The current investigation was, therefore, conducted to test the hypothesis that this manufacturing change was not hemodynamically substantial. Since the Integrity stent has been designed to have similar strut geometries and deployed cross-sectional area as the predicate Driver stent, the potential for NH and thrombogeniety from a hemodynamic perspective are expected to be similar; therefore, limiting the likelihood of adverse safety and efficacy from related indices. Specifically, the slight modification in fabrication methods from the Driver stent to the Integrity stent was hypothesized to display nearly equivalent distributions of wall shear stress (WSS) and flow stagnation patterns between the two stents, rendering the data useful to accompany the associated premarket application FDA submission for the Resolute Integrity and the Integrity Shonin submission in Japan. It was further hypothesized that the difference between the Driver and the Integrity stent would be considerably less than between other commercially available bare metal stents when evaluated using computational fluid dynamics (CFD) modeling.
Methods
Creation of CFD Models. Arteries were modeled as idealized straight and rigid vessels without lesions to isolate local disturbances caused by geometric stent features and for comparison to previous work [7] [8] [9] . Bare metal coronary stents mimicking geometric features of the Integrity (Medtronic), Driver (Medtronic), Multi-Link (ML) Vision (Abbott Vascular), and BX Velocity (Cordis) devices were created using computer-aided design software [10] . Two vessel diameters (2.25 and 3.0 mm) were studied for each stent (see Fig. 1 and Table 1 ). Two additional versions of a 2.75 mm diameter Integrity stent were modeled to quantify differences in the indices of interest from the best-and worst-case alignment of struts with respect to the primary blood flow direction within a given crown configuration. For example, the 2.75 mm Integrity stent modeled with 7.5 crowns has a greater angle of intersection relative to the primary direction of fluid flow when compared to the same crown configuration placed in a 2.25 mm vessel. However, the stent-to-vessel ratio will be greater for the 2.25 mm diameter version. Similarly, a 2.75 mm diameter Integrity stent modeled with 9.5 crowns will have a greater percentage of the vessel in contact with stent struts, but the angle of intersection of these struts, with respect to the primary direction of fluid flow, will be less. All stents were 18 mm in length, which is a commonly implanted coronary stent length, in order to compare differences among stent designs. Stent geometry information was obtained from the available manufacturer's product literature and physical measurements (see Table 2 ). A 10% overdeployment of the stent was implemented, consistent with prior studies and clinical guidelines [5, 9] . Stents were assumed to have half of their thickness embedded into the vessel wall, as has been noted after stent deployment in optical coherence tomography (OCT) studies [11] . The vessel was assumed to expand circularly and not have differential expansion between stent struts, thereby minimizing the allowed protrusion of the vessel between struts.
Computational Simulations. Following model generation, the solid model of the implanted stent was discretized into a mesh of tetrahedral elements using MeshSim (Simmetrix, Clifton Park, NY). Initially, CFD models were discretized and adapted through successive simulations using MeshSim to create anisotropic meshes that reduced the computational cost as compared to isotropic meshes. While this approach allows for the determination of the optimal edge size within intrastrut regions, the adaption process uses velocity information [12, 13] and, hence, provides less control over the number of elements in regions of low velocity within a stented region. Fortunately, MeshSim also allows a user to explicitly define edge lengths near a given CFD model face, such as struts or the vessel wall, through its interface within the Simvascular software package (simtk.org). Smooth transitions between differences in mesh density are then created between adjacent elements regardless of edge size. Thus, the optimal element size within the intrastrut regions was determined from adapted simulations and assigned near stent struts along with the vessel wall for the final simulation corresponding to each stent. A more coarse mesh was also prescribed in the proximal and distal unstented regions. Additional mesh refinement studies were not necessary once the intrastrut edge lengths were determined and applied to the final simulation since the total number of elements (2.25 mm diameter vessels ¼ 2.6-3.0 million elements; 3.0 mm diameter vessels ¼ 3.0-3.8 Â 10 6 elements) exceeded that used with the adapted meshes and the edge size was based on the minimum element dimensions from intrastrut regions (see Fig. 2 ). This approach is further supported by a recent optimization study in which increasing the number of elements beyond that provided here had no impact on a cost function rooted in WSS values extracted from intrastrut regions [8] . Briefly, an initial optimization was performed using mesh generation parameters that resulted in roughly 3-4 million element meshes for each model. A second optimization was then performed using parameters that created 6-8 million element meshes. The greatest difference in cost was <0.25% between models with an equal vessel diameter but different mesh density. Since doubling the mesh size only resulted in small variations in the computed cost and the optimal finding, the results were assumed to be independent of the computational mesh and the meshing parameters used to generate 3-4 million element meshes were used throughout the entire prior study and applied with the current investigation.
Computational arteries were assumed to be rigid and a no-slip boundary condition was prescribed on the vessel and stent surfaces. A left-anterior descending coronary artery flow waveform [14] with characteristics similar to those found in humans was imposed at the model inlet using a Womersley velocity profile [7] [8] [9] [15] [16] [17] . Blood was assumed to be a Newtonian fluid with a density of 1.06 g/cm 3 and a viscosity of 4 cP. Outlet boundary conditions were prescribed using a threeelement Windkessel approximation, consisting of characteristic (R c ) and distal (R d ) resistances, along with a capacitance (C) term, in order to replicate the physiologic impedance of the downstream vasculature, as previously described [17] [18] [19] . Fig. 1 Computer-aided design representations of the Integrity (Medtronic), Driver (Medtronic), Multi-Link Vision (Abbott Vascular), and BX Velocity (Cordis) stents before ((left) with stents longitudinally sectioned for clarity), and after virtual implantation into an idealized artery using 10% over-deployment (right) Computational fluid dynamics simulations were run using an in-house stabilized finite element solver with a commercial linear solver component LESLIB (Altair Engineering, Troy, MI) to solve the time-dependent Navier-Stokes equations. The time step was chosen for a Courant, Friedrichs, and Lewy condition <1. Standard convergence criteria were employed and simulations were run until the outlet pressure and flow were periodic, defined as a maximum error between equivalent points in successive cardiac cycles <1 mmHg and <1 mm 3 /s (Fig. 3) . The time-averaged WSS (TAWSS) was then computed over the last cardiac cycle, as previously described [20] . This represented the third cardiac cycle for simulations conducted in the current study.
Quantification of Results.
Indices of interest including velocity, MET, and distributions of WSS were quantified from converged simulation results. Flow stasis was quantified by computing the MET [21] . Using a particle tracking scheme with the converged CFD simulation results, the MET provides a measure of the average duration that particles reside within various regions of the model. Previous MET studies have released a uniform concentration of particles from the inlet of the model over the course of one cardiac cycle that were advected for several more cycles until all of the particles exited the domain. In this investigation, the inlet release strategy was not suitable for resolving the MET near stent struts because very few particles are released near the vessel wall due to low velocity in this region. Therefore, for the current study, a high concentration of particles was also released within 100 lm of the stent struts and vessel wall at 25 time points throughout the cardiac cycle to better resolve the MET in these areas.
While time-varying changes in the WSS may have a clinical impact, the role of these temporal alterations in the mechanotransduction responsible for atherosclerosis or restenosis is not presently known in detail. Therefore, it is common to compute TAWSS over the cardiac cycle and evaluate the results relative to a threshold pertinent for a particular region of the vasculature [22] . All WSS results were normalized by the average TAWSS value in the proximal unstented region of each vessel. This step was necessary since the same inflow waveform was used for all models, regardless of vessel size.
In addition to the threshold method for comparing indices of the WSS, Murphy and Boyle recently discussed another way of displaying related indices within intrastrut regions [23] . The method provides a histogram of binned WSS values within intrastrut regions that are normalized to the respective intrastrut area of each stent studied. This approach can help to more clearly appreciate any differences between stents. The oscillatory shear index (OSI) was not quantified since only a modest portion (i.e., $1%) of the luminal surface was expected to be exposed to OSI (>0.1) regardless of vessel diameter or the stent that was modeled in the current investigation. This outcome is anticipated given the straightness of the idealized vessels and characteristics of these stents with relatively thin struts. Although pronounced areas of elevated OSI would likely occur in the proximal vessel-to-stent transition region, flow disruption in this region would occur regardless of the implanted stent and be relatively modest when compared to TAWSS.
When the general behavior observed in 2.25 and 3.0 diameter vessels was similar, the diameter that more distinctively displayed this behavior was presented in the figure, depicting a particular index of interest for brevity and to limit the number and redundancy of figures.
Results
Comparison Between Different Commercially-Available Stents. Near-wall velocity patterns within the proximal, distal, and middle portions of stents are provided in Fig. 4 . The figure shows velocity vectors 0.05 mm from the wall during peak systole for all 2.25 mm diameter models. The size, color, and orientation of vectors highlight the flow patterns resulting from the implanted stent geometry. The local velocity is lowest in the proximal portion of all stents, but generally establishes a repeating pattern by the middle portion that was similar through the remaining distal sections of a given stent. The velocity was also low surrounding stent struts and particularly pronounced for the Vision stent, where the angle of intersection relative to the primary direction of fluid flow is greatest (see Table 2 ) and the number of longitudinally-oriented connecter elements is fewest. Strut thickness is greatest for the BX Velocity stent and, although the vectors in Fig. 4 reveal low velocity near stent struts and connector elements, the speed of blood is still elevated and similar to the Integrity and Driver stents within the middle of intrastrut regions. Velocity patterns were similar for the Integrity and Driver stents. There were fewer areas of low velocity relative to the BX Velocity and Vision stents and adjacent vectors were redirected in a more gradual manner since stent linkages are primarily arranged with the direction of flow. Interestingly, the Integrity stent, with its design arranged in a slightly pitched pattern along its length, also seems to impart a modest rotational component to velocity vectors as they proceed through the stented region that is associated with a slightly higher velocity than the Driver stent within intrastrut regions.
Mean exposure time results from the 2.25 mm diameter vessels are provided in Fig. 5 . While the results are qualitative, the proximity and number of longitudinal or circumferential struts clearly impacts the MET. Struts in closer proximity have larger intrastrut MET values, eg. Vision in Fig. 5(b) versus Integrity in Fig. 5(b) . Strut thickness and profile also impact MET as thicker rectangular linkages increase the MET adjacent to struts (see Fig. 5 ; the BX Velocity and Vision stents) as compared to thinner struts having a circular profile (see Fig. 5 ; the Driver and Integrity stents). The BX Velocity has a stent thickness of 0.140 mm, the Vision has a stent thickness of 0.081 mm, and the Driver and Integrity have stent thicknesses of 0.090 mm. Thinner stent struts impart a positive benefit in terms of the WSS.
Figures 6 and 7 reveal the distributions of normalized TAWSS for all 3.00 and 2.25 mm diameter stents, respectively. The highest values of normalized TAWSS occur in the proximal and distal unstented regions and atop stent struts protruding into the flow domain, regardless of stent type. Lower normalized TAWSS values occur adjacent to stent struts and are lowest downstream of struts oriented perpendicular to the primary direction of blood flow or in close proximity, such as the connector elements of the BX Velocity and Vision stents, along with the nonwelded crowns of the Driver and Integrity stents. The percentage of the vessel wall exposed to low normalized TAWSS (0.4) was also determined to more clearly reveal differences between the stents modeled in the current investigation (see Table 3 ). The BX Velocity stent had the greatest percentage of the vessel wall exposed to potentially deleterious distributions of TAWSS followed by the Vision, Integrity, and Driver stents. This order of TAWSS severity was the same for 2.25 and 3.00 mm diameter vessels. The BX Velocity stent had the thickest struts of the stents modeled, while Medtronic stents had the thinnest (70 versus 32 lm, respectively). A slightly larger area of the vessel wall was exposed to low normalized TAWSS for the Integrity as compared to the Driver stents, regardless of size. Although strut thickness was the same for both stents, the stent to lumen area ratios for each size were slightly greater for the Integrity stents. The strut thickness was also comparable for the Vision and Integrity stents (41 versus 44 lm, respectively; see Table 2 ). Although the Vision stents had a lower stent:lumen ratio than the Integrity stents within a given diameter (e.g., 0.18 versus 0.21 for 2.25 mm diameter vessels; see Table 2 ), the angle that their struts intersected with the primary flow domain was approximately double (e.g., 75-84 deg versus 42 deg; see Table 2 ) and, together with their connector elements, was likely the differentiating factor contributing to the higher percentage of the adverse TAWSS for the Vision stent. These findings suggest that strut thickness is an important determinant of the percentage of the vessel wall exposed to low normalized TAWSS. When the strut thickness and stent:lumen ratio are similar, the orientation of struts relative to the primary direction of blood flow can be a determining factor in the amount of the vessel exposed to the potentially deleterious values of TAWSS.
The percentage of vessels exposed to low normalized TAWSS was modestly increased for 3.00 mm as compared to the 2.25 mm diameter vessels for the Integrity (0.5%) and Driver (1.7%) stents. Conversely, this percentage decreased for 3.00 mm as compared with the 2.25 mm diameter vessels containing the Vision (2.4%) and BX Velocity (3.1%) stents. These findings can be explained Table 2 and underscore one of the main findings of the current investigation. Within a stent type, the number of struts is a larger determinant of low TAWSS than the angle of intersection. In other words, the current results suggest that more favorable blood flow patterns may be achieved for a given stent design by limiting the number of linkages to those which provide adequate scaffolding.
Histograms of binned WSS values within intrastrut regions normalized to the respective intrastrut area of each stent studied are provided in Fig. 8 . Data was obtained from equivalent intrastrut regions of the proximal, middle, and distal portions of the stents and for the two diameters studied. The histograms reveal several findings consistent with previous studies and also agree with intuition regarding blood flow through stents. The BX Velocity stents, having the thickest struts of those studied, along with the Vision stents with struts that have a large angle of intersection relative to the primary direction of fluid flow, cause more of the intrastrut area to be exposed to low normalized TAWSS (e.g. around 0.4-0.5), therefore resulting in a reduced peak at higher normalized TAWSS values as compared to the Driver and Integrity stents. Near-wall velocity patterns within the proximal, distal, and middle portions of stents provided in Fig. 9 suggest that the BX Velocity stent, with its pronounced sinusoidal connector elements that induce low velocity, act to restrict the intrastrut area, thereby increasing velocity in the center of the intrastrut regions and leading to associated higher values of TAWSS. This finding is also supported in Fig. 8 . Although less of the normalized intrastrut area for any given location is exposed to elevated normalized TAWSS, the values of normalized TAWSS extend higher than with other stents due to the elevated velocity within the center of intrastrut regions for the BX Velocity stent.
Comparison Between Integrity and Driver. Reconciling the histogram data shown in Fig. 8 with the velocity and TAWSS patterns facilitates the comparison of the Driver and Integrity stents with confidence. Figure 8 demonstrates that the differences in the histograms between these stents are due to entrance effects likely induced by the helical winding process used to create Integrity stents. This process causes a modest geometric difference relative to Driver stents in the proximal region. As demonstrated in Fig. 4 , these differences are essentially negligible beyond 8-10 mm of the stent as flow patterns assume their more developed profiles. Previous research suggests the slight helical nature of the Integrity stent likely allows flow within the stent to reach its developed profile a shorter distance from the proximal edge [24] . After flow patterns become developed, differences within theintrastrut regions between the Driver and Integrity stents are due the proximity of adjacent stents, as shown in the instantaneous WSS plots of Fig. 9 . Comparison Between Integrity Stents With Different Crown Configurations. Results were also obtained for versions of 2.75 mm diameter Integrity stents with 7.5 or 9.5 crowns to quantify differences in the indices of interest from the best-and worst-case alignment of struts, with respect to the primary flow direction, as compared to the 2.25 or 3.00 mm diameter vessels for each crown configuration, respectively. Spatial distributions of the TAWSS are shown in Fig. 10 and the amount of the vessel wall exposed to normalized TAWSS values less than 0.4 is depicted in Table 3 . Modest differences were observed between vessels and, again, highlight the balance between stent:lumen area ratios and the angle of linkages relative to the primary direction of blood flow. Within the 7.5 crown configuration, the 2.25 mm simulation with a stent:lumen area ratio of 0.21 and an angle of Fig. 8 Histograms of the TAWSS within proximal (top), center (middle), and distal (bottom) intrastrut areas of each stent. It is desirable for histogram curves to have a large amount of their intrastrut area exposed to greater normalized time-averaged wall shear stress. Fig. 9 Instantaneous distributions of wall shear stress at three locations within intrastrut regions of Driver and Integrity stents. Tracings between the stents are indistinguishable at locations 'A' and 'B,' but slight differences in the relative proximity of struts at location 'C' causes modest differences in instantaneous values.
42 deg relative to the flow direction had a slightly greater percentage of its surface exposed to low normalized TAWSS as compared to the 2.75 mm diameter vessel with a stent:lumen area ratio of 0.17 and an angle of 58 deg relative to the flow direction. Conversely, within the 9.5 crown configuration, the 2.75 mm simulation with a stent:lumen area ratio of 0.23 and an angle of 49 deg relative to the flow direction had a modestly lower percent of its surface exposed to low normalized TAWSS as compared to the 3.00 mm diameter vessel with a stent:lumen area ratio of 0.21 and an angle of 56 deg relative to the flow direction. Despite differences in the number of crowns, the 2.25 mm and 3.00 mm diameter vessels had the same stent:lumen area ratio, however, the 3.00 mm diameter vessel had a greater angle of struts relative to the flow direction and, hence, a greater percentage of the vessel wall exposed to potentially deleterious TAWSS. However, it is important to note that the maximum difference between the normalized TAWSS results shown from the collection of Integrity simulations is <1.5%, which is less than the difference between the 2.25 mm and 3.00 mm diameter vessels for the other three stent designs.
Discussion
The current investigation tested the hypothesis that the slight modification in fabrication methods from the Driver stent to the Integrity stent results in nearly equivalent distributions of the WSS and flow stagnation patterns between the two stents and these differences are considerably less than between other commercially available bare metal stents when evaluated by CFD modeling. There were several key findings from the current investigation:
• Near-wall vectors indicate that the velocity is lowest surrounding stent struts and pronounced for stent designs where the angle of intersection between struts and the primary blood flow direction is greatest and connector elements deviate from the longitudinal direction.
• The intrastrut regions of the Driver and Integrity stents were exposed to favorable high near-wall velocities and the Integrity stent, with its design arranged in a slightly pitched/helical pattern along its length, imparted a modest rotational component to these vectors, the potential advantages of which could be studied further in follow-up studies.
• The thickness, profile, proximity, and number of longitudinal or circumferential struts impacted the MET since struts that are closer together, thicker, and rectangular in profile increased the MET within the stented region.
• The BX Velocity stents had the greatest percentage of the vessel wall exposed to potentially deleterious distributions of TAWSS followed by the Vision, Integrity, and Driver stents. This order of severity was the same for the 2.25 and 3.00 mm diameter vessels.
• Strut thickness had the greatest impact on adverse distributions of the WSS. When this attribute was similar among designs, the stent:lumen area ratio, the angle of struts relative to the primary direction of blood flow, and the arrangement of connector elements were also predictive of adverse distributions of the WSS.
• Within a given stent type, the stent:lumen area ratio was a larger determinant of potentially adverse WSS than the angle of intersection, suggesting that more favorable blood flow patterns may be achieved for a stent design by limiting the number of linkages to those which provide adequate scaffolding.
These results confirm and extend previous findings in this area. For example, the lowest values of WSS were localized to the proximal and distal transition regions and adjacent to stent struts. Design attributes including strut thickness, proximity, angle relative to the primary flow direction, and the stent:lumen area ratio were generally predictive of potentially adverse distributions of the WSS, as demonstrated in prior studies [9, 23, 25] . To our knowledge, this is the first investigation that maintained detailed geometric specifications provided or extracted from manufacturer literature. In contrast, previous studies frequently approximated the geometric features of the stents including strut spacing and often employed a single thickness when comparing stents [26] . The current approach provided a slightly less controlled study having more variables to interpret, but also revealed what appears to be a delicate balance between the flow disrupting design attributes of the strut intersection angle relative to the primary flow direction and the stent:lumen area ratio.
Pant et al. used axisymmetric models of five commercially available stents (ART, BX Velocity, NIR, Multilink Zeta, and Biomatrix) positioned in idealized cylinders using a 1:1 stent-toartery implantation ratio [26] . The authors calculated indices, including the WSS, throughout the cardiac cycle, however, the TAWSS was not explicitly determined. A related study previously demonstrated that instantaneous WSS distributions corresponding to a time point near the mean flow rate for a simulation offers a reasonable estimate of the TAWSS [16] . If this logic is applied to the study by Pant et al., their results suggest that the ART slottedtube design is most favorable from a flow perspective, followed by the BX Velocity, Biomatrix, NIR, and Multilink Zeta designs. However, stent:lumen area ratios were drastically different between designs and the absence of proximal and distal stent-toartery transition regions also likely impacted these results.
The current results should be interpreted within the constraint of several potential limitations. A rigid wall assumption was employed for all simulations since stent implantation has been shown to decrease the arterial compliance to zero [14] . The inclusion of deformable walls in the proximal and distal portions of the CFD models would likely decrease the TAWSS, but in a similar manner for all stents modeled. To our knowledge, the BX Velocity stent is not available in an 18 mm version, as created for the current investigation. This adaptation was made to facilitate the direct comparison between stents and flow patterns with the stented region may be modestly influenced by the accompanying changes in parameters shown in Table 2 if the next nearest stent length (16 mm) had been used.
The stents studied in the current investigation were not implanted into a realistic environment and, therefore, do not contain local geometric attributes that could further influence local blood flow alterations for the indices reported. The work presented here elucidates differences purely due to stent design for the simple case of blood flow in a cylinder using the geometric properties of four balloon-expandable coronary stents. Nonetheless, the results are still impacting and applicable when appreciated within the context of several recent reports. While the specific weld locations for the Driver versus the Integrity stent may have an impact on post implantation morphology, the position of struts relative to one another and the resulting local blood flow patterns, a recent paper by Ormiston and colleagues [27] underscored how these stents, each having two weld locations joining sequential longitudinal repeating units, had a similar appearance after compression sufficient to cause 5 mm in shortening. The local deformation of strut linkages from this test were greater for the Vision and BX Velocity stents, suggesting that the differences between the Driver and Integrity relative to the Vision and BX Velocity stents may actually have been more pronounced had the current investigation been conducted in a realistic vessel. An extension of another recent computational study [28] , conducted in a 135 deg bend with calcification and plaque at proximal and distal locations subjected to postdeployment by 10%, revealed nearly equivalent straightening, luminal volume, strut apposition, and induced vessel stress for the Driver and Integrity stents. Several previous studies conducted by our lab and others also have shown that for balloon-expandable stents, adverse local blood flow patterns induced by the geometry of an implanted stent can be mitigated or further accentuated by local vessel features, such as those influencing the curvature, apposition, and material properties of the vessel or plaque influencing prolapse. Hence, the current study was first conducted with a straight tube to delineate the differences in distributions of the WSS often masked by features of the flow domain that begin to present when using vessels with features such as curvature.
Several additional indices could have been used to characterize stent performance, including WSS gradients, WSS angle gradients, and peak WSS. Wall shear stress gradients have previously been applied to idealized CFD models of stents [16] ; while peak WSS values above some threshold can be associated with platelet activation, they are often reported to be of value for studies involving aneurysms and some reports have suggested that some vessels may remodel to peak, not mean, WSS [29] . While WSS gradient indices are useful for CFD studies conducted in idealized vessels, they have been omitted since they are more difficult to interpret when results are obtained from realistic subject-specific CFD simulations where small local geometric heterogeneities can mask the influence of stent attributes. Regardless of the approach used to interpret CFD results, it is important to note that the true contributions of each index will remain speculative until more detailed mechanotransduction studies are conducted to link each of these indices to the mechanisms of NH, either using specialized flow chambers seeded with confluent cell layers in vitro or coupled image-based CFD studies correlating WSS indices with local quantification by histology or OCT. The current results are nonetheless interesting since Verya Medical, a UK maker of stents, claims its BioMimics 3D stent, employing a helical geometry, promotes swirling of blood through stents that has been shown to reduce NH in preclinical studies [24] .
In conclusion, the Driver and Integrity stents both limit their number of linkages to those which provide adequate scaffolding while also maintaining similar strut thickness and stent:lumen ratios. The Integrity stent also imparts a modest helical component previously shown to reduce NH in vivo. Collectively, these findings indicate the modest differences in the fabrication approach between the Driver and Integrity stents are not hemodynamically substantial, particularly relative to potentially adverse flow conditions introduced by the other stents modeled. This data was used in conjunction with associated regulatory filings and submitted to the FDA as part of the documents facilitating recent regulatory approval of the Integrity stent and the Integrity Shonin in Japan and the Resolute Integrity drug-eluting stent in the United States.
